Dietary components express a wide range of activities that can affect carcinogenesis. Naturally occurring substances in foods have been shown in laboratory experiments to serve as dietary antimutagens, either as bioantimutagens or as desmutagens. Dietary desmutagens may function as chemical inactivaters, enzymatic inducers, scavengers, or antioxidants. Dietary components may also act later in the carcinogenic process as tumor growth suppressors. Examples of dietary factors acting in each of these stages of carcinogenesis are presented, and potential anticarcinogens such as the carotenoids, tocopherols, phenolic compounds, glucosinolates, metal-binding proteins, phytoestrogens, and conjugated linoleic acid are discussed. Individual foods typically contain multiple potential anticarcinogens. Many of these substances can influence carcinogenesis through more than one mechanism. Some substances exhibit both anticarcinogenic and carcinogenic activity in vitro, depending on conditions. Epidemiologic research indicates that high fruit and vegetable consumption is associated with lower cancer risk. Little research has focused on the effects of single substances or single foods in man. Realization of the potential of foodborne substances to reduce the human burden of cancer will only be achieved with better measurement of dietary exposures and funding of multidisciplinary research in this area commensurate with its importance. -Environ Health Perspect 103(Suppl 8): 177-184 (1995) 
Introduction
Few persons doubt that diet plays a large role in carcinogenesis. Doll and Peto (1) estimated in 1981 that diet can account for up to 70% of all avoidable cancers. Recent reevaluations have not challenged the relative importance of diet (2) . Knowledge of the actual active substances and mechanisms of effect remain limited. We are still at a stage comparable to three blind men attempting to determine the physical nature of an elephant, with a relatively small group of scientists examining specific aspects of carcinogenesis in relative isolation. Realization of the potential of dietary prevention of cancer will require major investments in four areas. One of these is the identification of the substances in foods that can 24 March 1995. advancement across basic biochemical and epidemiologic research axes. A third important area is that of exposure measurement. The Achilles heel of diet and cancer epidemiology is the underdeveloped state of tools to measure or estimate these exposures. Cognitively smart dietary assessment tools that succeed in capturing complete information from large proportions of the population of interest are sorely needed. The development of biomarkers of dietary exposures could help but not eliminate the need for subject assessment (3) . Accurate information on the long-term quantitative exposure levels and habitual diets of individuals is fundamental to scientific advancement. Finally, we need to invest in programs that educate and stimulate individuals to select healthier diets based on up-to-date knowledge of preventive foods.
The past two decades have witnessed a major effort to discover which elements of our diet affect carcinogenesis and by what mechanisms. Initial interest focused on carcinogenic effects of diet. More recent research includes increased focus on dietary prevention of cancer. Epidemiologic research remains the most powerful tool for determining the role of nutrition in the etiology of cancer in human populations. The reasons for this are related to the need for measurement of long exposures to active substances in the diet, long lags between exposure to risk factors and disease, ethical constraints on human experimentation, and the plethora of dietary factors of interest. Such complications, which may translate into problems with measurement error, lag-time uncertainty, collinearity, and weak single-factor associations in epidemiologic studies, are reviewed elsewhere (4) . This paper surveys current knowledge regarding anticarcinogenic agents in foods. Potential mechanisms of action serve as a framework for discussion of epidemiologic findings for specific agents. General weaknesses of epidemiologic studies on diet and cancer are addressed and strategies to overcome them are proposed.
Proposed Mechanisms for Dietary Anticarcinogens
Laboratory studies provide most of our information about potential mechanisms of action of dietary anticarcinogens. A review of the many laboratory studies on potential mechanisms of anticarcinogens reveals that many chemicals possess multiple modes of action. In Table 1 , dietary components known to exert some form of anticarcinogenic activity are presented, along with their mechanisms of action. Most anticarcinogens also show potentially detrimental effects such as mutagenicity, comutagenicity, cocarcinogenicity, or tumor promotion under certain circumstances. In addition, both mutagens and antimutagens have been found in most well-studied whole foods.
Translating the large and complex body of knowledge on potential mechanisms into predictions of the health consequences of specific dietary interventions in humans is a great challenge. In the following section, we briefly review the mechanisms by which anticarcinogenic agents present in Environmental Health Perspectives 
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the human diet may act. Anticarcinogens will be organized by mode of action, adapted from the schemata found in a recent review of antimutagenic agents in the diet (5) . Detailed information on the various test systems used to detect antimutagenicity is provided in other recent works (6) (7) (8) (11) . This results in a decrease in the number of mutants recovered after exposure of a cell culture to mutagen. Vanillin has been tested in vitro using a variety of cell types, from Escherichia coli to mammalian cells, and against a wide variety of physical and chemical agents, such as N-nitroso compounds, heterocyclic amines, and small nonplanar alkylators. The antimutagenicity of vanillin is not universal. Review of 31 in vitro assays found that vanillin reduced mutagenicity in 17 and showed no effect in 5; in 9 assays, however, mutagenicity was enhanced (12) .
In addition to the complexity of the antimutagenicity exhibited in in vitro test systems, many of the bioantimutagens can exhibit genotoxicity under certain testing conditions (13) . The effectiveness of many of these compounds in blocking carcinogenicity in animals and man has not been adequately studied.
Desmutagens. Desmutagens encompass all agents that affect mutagenicity through mechanisms other than DNA repair or replication. These mechanisms include enzyme induction, mutagen scavenging, and blocking of mutagen activation. As Environmental Health Perspectives Garlic extract and many of its components exhibit activity against a wide range of chemical mutagens and radiation (18) .
Increased glutathione S-transferase activity in one or more organs has been shown in mice and rats administered garlic components such as diallyl sulfide and allylmethyltrisulfide. Evidence of effects on mixed-function oxidase and P450 enzyme systems has also been reported. In addition to effects on enzymes, it appears that garlic compounds may scavenge radicals and inhibit promotion-mechanisms considered later in this review (18) .
The enzyme inducers as a class have some promising characteristics. They usually act against a broad range of mutagens. In addition, enzyme inducers need not necessarily be present simultaneously with a promutagen to be effective in blocking its activity. Unfortunately, these compounds exhibit deleterious effects under certain circumstances. For example, active compounds in cruciferous vegetables appear to act as cocarcinogens in some rodent models (19, 20) . Similarly, the inducers of P450 may be beneficial in one circumstance and not in another, as this enzyme system is involved not only in detoxification but also in the activation of some carcinogens (5) . An additional complication is that many of the compounds that induce phase II enzymes may be carcinogenic at high concentrations. This is thought to arise from the electrophilic nature of most phase II inducers (21, 22 (28) . A further interesting property of antioxidants is that they may exhibit antipromotional as well as antimutagenic activity through inhibition of oxidant-stimulated cell division (29 
Vitamins and Related Compounds
Specific substances from plant sources that have come under scrutiny because of their known physiologic importance, high consumption levels, and antioxidant potential include carotenoids, tocopherols (vitamin E), and ascorbic acid (vitamin C). The carotenoid family includes over 500 members, the best known of which is the provitamin, 5-carotene.
Carotenoids. The rich array of conjugated double bonds characteristic of carotenoids inspires interest in their potential as free radical scavengers. The range of antioxidant activity exhibited by individual carotenoids in the laboratory varies greatly. Research has concentrated largely on ,-carotene, although some other carotenoids (e.g., lycopene, lutein) show greater singlet oxygen-quenching potential (33) .
Studies of the effects of n-carotene on tumor formation in animals yield inconsistent results. Krinsky (34, 35) presents an overview of experimental findings on the effects of n-carotene on chromosome breaks, sister chromatid exchange, and tumor growth. He attributes the mixed results to difficulties in assuring significant uptake of carotenoids in most animal models. It is also unclear whether ,-carotene or its retinoic derivatives are acting in these tests. The administration of carotenoids has, however, shown impressive results in the hamster, including decreased incidence and even regression of tumors.
Evidence from human studies is more consistent. Block (32) (37, 38) .
More recent findings muddy the picture. 3-Carotene, whether alone or in combination with vitamins C and E, failed to reduce the recurrence of colon polyps in a 3-year clinical trial (39) . In addition, Finnish smokers receiving ,B-carotene supplements for 5 to 8 years showed no reduction in lung cancer risk-in fact, risk increased, particularly among older subjects (40) . The ability to draw firm conclusions from either study is limited by methodological considerations. In both studies, the supplementation period was short and the supplementation may have come too late in the neoplastic process to influence the outcome. More positive results were observed in supplementation studies on gastric cancer, wherein mixtures of 3-carotene and vitamin E reportedly lowered rates of occurrence (41 (44) .
Phenolic compounds could affect carcinogenesis through a number of mechanisms. These compounds may scavenge carcinogens or free radicals. They may also block generation of reactive oxygen species. Epicatechin gallate, for example, inhibits free radical chain reactions of cell membrane lipids and can influence mutagenicity and DNA-damaging activity (45) . Some flavonoids bind to estrogen receptors. It has been argued that by this binding they act on the regulation of gene transcription and may protect against estrogen-related cancers (46) . Phenolic compounds, in general, affect phase II enzymes. It remains unclear whether such induction by phenolic compounds affects carcinogenesis in vivo (47) . Phenolic compounds may also reduce cellular proliferation through the modulation of protein kinase C activity. A few phenolics may possess bioantimutagenic properties (12) .
Estimates of the amounts consumed daily vary widely. Based on the average diet of a Dutch population, tea provides the greatest amounts of flavonoid (61%); onions and apples are the next greatest sources, providing 13 and 10%, respectively (48) . Tea leaves may have catechin concentrations that represent up to 30% of the dry weight of the tea leaf (45) . Allium vegetables (leeks, shallots, scallions, garlic, and onions) range in their flavonol content from none to more than 1 g/kg of vegetable. Shallots have uniformly high concentrations, but onions range widely, with no measurable amounts in white onions and high levels in yellow onions (49) .
The mechanisms hypothesized as influencing carcinogenicity have hardly been studied in epidemiologic efforts directed at specific phenolic compounds. One exception is a recent Dutch study (50) in which estimated dietary intake of flavonoids showed no association with lung, gastrointestinal, or all-cause cancer mortality incidence in a male cohort followed for 5 years. The modest size and short follow-up period of the study greatly limit its power, however.
Despite the wealth of studies on food groups such as fruits and vegetables and cancer, there is a dearth of studies on active ingredients in foods. This is largely because of the lack of reliable edited food compositional databases for phenolic compounds.
Glucosinolates
Glucosinolates are present exclusively in vegetables of the family Cruciferae, especially in the genus Brassicaceae. This includes cabbages, broccoli, brussels sprouts, and cauliflower. Differences in cabbage consumption have been associated with differences in colon and breast cancer mortality across Europe (51) .
The modulation of carcinogenesis by the consumption of Brassica vegetables has been investigated in laboratory animals challenged with carcinogens. The comparison of tumor development in animals with and without cabbage supplements provides evidence of an effect on the production of some tumors. Mammary tumors, particularly in mice and rats, seem to be reduced upon the addition of 5 to 20% of cabbage, by weight, to the diet (22, 52) .
The glucosinolate content of foods varies from species to species, from crop to crop, and from lab to lab. Selenium forms the centerpiece of the best known and most heavily studied metalloenzyme antioxidant system, selenium glutathione peroxidase. Other less wellcharacterized selenoenzymes may play equal or greater roles as antioxidants in vivo, however (56, 57) .
Decreased tissue selenium levels have been reported in case-control studies of many cancer types. In most studies it is unclear whether selenium levels fell prior to or following disease. A recent prospective study found a significant inverse relationship of toenail selenium concentration and lung cancer in a Dutch cohort (58 (2) recently concluded that dietary modifications might potentially reduce overall cancer incidence by as much as two-thirds based on current evidence. What has become clearer in the intervening years is the complexity of the diet-cancer relationship. Research continues to introduce new compounds or new activities of old compounds as factors in the relationship. Furthermore, the discovery and understanding of interactions-positive and negative-between compounds active in the cancer arena have barely begun.
Only a few human cancers show a clear-cut association with specific dietary factors. Part of the problem undoubtedly lies in the poor quality of most of our exposure measures. Another part of the problem probably arises from failure to account for modifying or confounding factors (either by design or due to incomplete knowledge of the factors involved). In addition, logistical difficulties associated with the long latent period of most and the relative rarity of some types of cancer make prospective studies difficult. Much of the problem, however, also probably lies in the inherent nature of the association between diet and cancer, which is in fact not one association but a web of intermingled causal pathways. The challenge is to identify those factors that, individually or in tandem, are amenable to practical intervention. This will require research and provision of support commensurate with the extent of the problem. To return to the analogy of the blind men and the elephant, we may envision the elephant as the population at risk of diet-related cancer. The provision of glasses, in the form of better measurement tools for dietary exposures, would largely restore the vision of the blind men (and women) now groping with this puzzling animal. Thus unblinded, closer cooperation in the form of interdisciplinary research will further sharpen our view. Effective intervention to preserve the health and longevity of the elephant may then fall within our grasp.
